The intimate link between microtubule (MT) organization and the components of the secretory pathway has suggested that MT-based motility is an essential component of vesicular membrane transport and membrane polarization. The molecular details of these processes are still under investigation; however, a novel class of MT plus end-binding proteins shed new light on transport between the endoplasmic reticulum (ER) and Golgi apparatus. The dynactin complex, an initial member of this family, shares localization and live-cell imaging phenotypes with other plus end-binding proteins such as CLIP-170 and EB1. In addition, dynactin has been shown to mediate the binding of ER -Golgi transport vesicles to MTs through a regulated MT-binding motif in p150
Introduction
One of the most intriguing yet confusing aspects of membrane transport is the bidirectional vesicular traffic between the endoplasmic reticulum (ER) and the Golgi apparatus in large and spatially complex cell types. Although some early work suggested that this transport could be carried out by diffusion, more recent findings implicate microtubules (MTs) and MT motor proteins in this traffic. Further complicating our understanding is the ability of ER-to-Golgi transport vesicles to acquire either monodirectional or bidirectional motility at different stages of membrane flux, and model system-specific nuances which are difficult to apply to all examples. One cellular location important for transport is the plus end of elongating microtubules, where recent data suggests that initial interactions between ER-to-Golgi membranes and microtubules occur. A subset of the dynein-associated dynactin complex concentrates at these plus ends, and this article is designed to link this novel population of dynactin with ERto-Golgi membrane transport and to propose that the loading of dynactin at microtubule plus ends is a crucial aspect of Golgi apparatus function.
Microtubules and ER -Golgi transport
The linkage between MTs and ER -Golgi transport was first suggested by the colocalization of the Golgi apparatus and the microtubule organizing center (MTOC) in many cell lines [1, 2] . Although this implicated the MTs in anchoring the Golgi, a more comprehensive model suggests that MTs mediate transport to and from the Golgi complex and the location of the Golgi stacks reflects the flux through this zone. Several approaches support his model, including the use of fungal metabolites and MT-affecting drugs. Brefeldin A (BFA), for example, reveals the bidirectional nature of membrane transport between the ER and Golgi complex [3] . BFA shuts down anterograde transport but has no impact on the retrograde transport of Golgi components to the ER. As a result, BFA treatment induces a redistribution of Golgi enzymes into the ER compartment. The reformation of a normal Golgi apparatus can be coordinated through the removal of BFA, and this has been used to study the kinetics and molecular requirements for ER-to-Golgi transport [4] . Nocadazole and other MT-disrupting drugs reveal the specific stages which require transport and the notion that membranes exiting the ER can form mini-Golgi stacks in situ [4] . These mini-Golgi stacks appear to form at ER exits sites and can move quickly to the presumptive Golgi area upon nocodazole washout.
It is important to note that the Golgi apparatus and MTOC do not always colocalize, and in some cell types such as polarized epithelial cells, the MTOC and Golgi are spatially distant from each other [5] . Despite this, microtubule motors are often implicated in Golgi membrane transport [6, 7] . Our understanding of MT organization in these cells is incomplete however, leaving the possibility open that the MTOC is still intimately involved in ERGolgi traffic.
Cell type-specific differences in MTOC/Golgi colocalization are also interesting because each implicates a different motor in the transport of these membranes. In cells with a radial MT organization, peripheral ER, and a central Golgi, conventional wisdom implicates cytoplasmic dynein (CD) in the translocation of ER membranes to the Golgi and kinesin in the exit from the Golgi to subsequent destinations. In polarized epithelial cells, motors might be expected to switch roles with kinesin, delivering vesicles to the Golgi and CD transporting them to the apical surface. Supporting the latter, Fath et al. demonstrated that apically targeted Golgi membranes were loaded with CD and myosin I [6] . Subsequent work in pancreatic acinar cells demonstrated the binding of kinesin and CD on secretory vesicles [7] .
Microtubule plus end-binding proteins
A counter-intuitive advance in our understanding of membrane flux through the Golgi apparatus has been the identification of a novel population of MT-binding and membrane-binding proteins at the plus ends of microtubules. The family of plus end-binding proteins has grown steadily since the observation that CLIP-170 was concentrated at microtubule plus ends. CLIP-170 was recognized initially as a microtubule-binding protein [8] that linked membranes to microtubules in a non-motor-dependent manner [9] . This work revealed that some of these membranes were components of the endocytic pathway because multi-vesicular membranes colocalized with CLIP-170 after incubation with horseradish peroxidase (HRP) [9] . Colocalization with transferrin receptors also supported CLIP-170's role in linking endocytic membranes to microtubules [10, 11] . However, the function of this non-motor linkage to microtubules was not obvious, and it remained unclear if CLIP-170 could bind other membranes beyond components of the endocytic pathway. In fact, several studies suggest that the CLIP-170 on microtubule plus ends is not associated with membranes at all [12] , and that a role in regulating microtubule dynamics is more consistent with the results of imaging studies [13] . Related to CLIP-170 are other CLIPs, including CLIP-115, which share localization patterns with CLIP-170 [14] , and CLASPs (CLIP-170-associated proteins), which bind MT plus ends indirectly through the CLIPs [15] .
Similar to CLIP-170, EB1 is a microtubule plus endbinding protein whose role in MT function remains under investigation. EB1 was first discovered as an APC (adenomatous polyposis coli)-binding protein impacted by the genetic APC mutations most commonly linked to colon cancer [16] . Many of the oncogenic mutations ablate the binding site for EB1 on APC and uncouple these two proteins. Immunolocalization studies revealed that EB1 bound a subset of MT plus ends ( Fig. 1) and resembled other plus end-binding proteins such as CLIP-170 [17] . More recent work implicates EB1 as a regulator of MT plus end dynamics [18, 19] and EB1 depletion affects mitotic spindle function, where dynamics are thought to be crucial [20] .
Given the disease link between EB1 and APC, several groups have looked at APC localization and determined that APC binds MT plus ends [21] and translocates towards plus ends in live cell imaging [22] . At this point, neither EB1 nor Fig.1 . Colocalization of endogenous dynactin and EB1 at microtubule plus ends. Dynactin (red) and EB1(green) display extensive colocalization at microtubule plus ends. The punctate nature of the staining pattern is thought to reflect particles accumulated at the plus ends rather than a fixation artefact because neither GFP-EB1 nor GFP -p150
Glued display a punctate pattern after fixation. Given the dimension of labeling and the mixture of cytoplasmic and microtubule plus end-associated dynactin and EB1, one hypothesis is that microtubule plus end labeling reveals loading of vesicles and other motor-driven particles for transport.
APC has been associated with a specific endomembrane class; however, APC and, therefore, EB1 are thought to bind the plasma membrane through the cadherin complex and MT binding could be involved in this process. One possibility is that MT plus end-associated EB1 and APC are responsible for targeting APC to the plasma membrane for the incorporation into cadherin complexes.
Another is that the MT-associated population is involved in membrane recycling. Further work will be needed to resolve this issue.
Microtubule tip-tracking and plus end binding
Although this is a very disconnected group of proteins from one standpoint, one feature is shared that defines a new class of MT-binding proteins. Live cell imaging studies with GFP fusion proteins reveals that CLIP-170, CLIP-115, EB1, APC, and CLASPs all display affinity for elongating MT plus ends and appear to ''track'' with the growing ends for the duration of elongation [14,15,22 -24] . This unusual feature for MT-binding proteins has been interpreted in multiple ways, suggesting that plus end binding allows these proteins to: (1) enhance rescues during dynamic instability [13] , (2) encourage elongation [19, 25] , (3) deliver proteins to the cell periphery [22] , and (4) anchor microtubules at sites of cell -cell contact [26] . An important clue to the integration of these models emerges from the addition of dynactin as plus end-binding protein, tip-tracking protein, and a candidate receptor for the MT motor cytoplasmic dynein. It is possible that colocalization reflects a shared role in membrane traffic and ER-to-Golgi traffic in particular.
Dynactin and Golgi membranes
Dynactin is a large multi-subunit complex implicated in cytoplasmic dynein-driven motility [27 -30] . Although there is a large soluble pool of dynactin in cell extracts [27] , a substantial portion is membrane associated and implicated in membrane transport [6, 7, 27, 31] . Because the p150
Glued subunit of dynactin interacts directly with the cytoplasmic dynein complex [28, 30] , it is thought that dynactin mediates the binding of dynein to cargo such as membranes. The binding of p150
Glued to these cargos is thought to be mediated by other subunits in the dynactin complex because p150
Glued is found predominantly as part of the dynactin complex [27, 32] and because subunits such as p50(dynamitin) and ARP1 have been shown to bind cargo-associated proteins [33, 34] . Although a comprehensive list of membrane classes is not yet available, some of these membranes overlap with traffic through the Golgi apparatus.
Antibodies to dynactin have been shown to label the perinuclear and Golgi regions prominently [35] ; however, the presence of the MTOC in this area complicates the interpretation of this finding. The characterization of a novel spectrin isoform advanced this question because it suggested that a membrane skeleton analogous to the erythrocyte spectrin skeleton covered some membranes in the Golgi complex [36, 37] . A stronger link emerged when Holleran and coworkers demonstrated binding between the Arp1 subunit of dynactin and the novel spectrin [33, 38] . Together, this work supports a role for dynactin in the transport of some components in the Golgi membrane system and suggests that dynactin plays a primary role in transport intermediates.
Microtubule plus end-associated dynactin
Although the identification of dynactin as a component of the Golgi membrane skeleton was suggestive, it was unclear which aspects of Golgi function were most dependent on dynactin and what consequences might be predicted for defects in dynactin function. A conceptually important advance was the identification of a novel population of dynactin at MT plus ends [11, 35] and the colocalization with CLIP-170 [11, 35] , EB1 [39] , and other proteins at these sites. This localization of dynactin to microtubule plus ends, together with the predicted minus end-directed motility of the cytoplasmic dynein motor, suggested that MT plus ends could be involved directly in dynein-driven transport of Golgi membranes.
Importantly, the MT-associated dynactin, CLIP-170, and EB1 display several phenotypic similarities, including a coarse punctate appearance (Fig. 1 ) similar to tubulovesicular membranes and the indication that staining reflects some dynamic process. In particular, the tapered appearance with bright labeling at the tip and diminishing labeling at more proximal sites suggested some movement or translocation reminiscent of tread-milling. Several groups have converged on this motility model; however, some work suggests plus end-directed movement [22, 40] , whereas another suggests minus end-directed movement [35] . The link between dynactin and dynein would most likely support minus end-directed motility; however, recent analysis of heterotrimeric kinesins raises the possibility of bidirectional movement [41] . A recent study on the bidirectional movement of Golgi membranes questions the role of heterotrimeric kinesins [42] ; however, it is clear that MT motors play an important role in Golgi biogenesis and transport [43] .
Microtubule plus end dynactin and transport
As part of a screen for cell manipulations that influence microtubule plus end-associated dynactin, classic treatment assays with modified Ringer's solutions were established because of their impact on microtubule-based transport [44] . In particular, the addition of acetate or ammonium chloride allows the modulation of intracellular pH, which was shown to influence the bidirectional movements of lysosomes in cultured cells. Although ammonium treatment failed to affect the microtubule plus end-associated dynactin, acetate treatment ablated plus end dynactin and ultimately led to the dispersal of the Golgi apparatus [35] . Given previous work which revealed that acetate treatment abolished minus enddirected transport by decreasing cytoplasmic pH, these studies suggested that microtubule plus end-dynactin is linked functionally to Golgi membrane trafficking. However, acetate treatment is expected to affect cells broadly, and a more direct link between motor-driven transport and MT-associated dynactin would strengthen this argument.
Cytoplasmic dynein binds microtubule-associated dynactin
A potentially pivotal advance was the colocalization of cytoplasmic dynein with the MT-associated dynactin and CLIP-170 [35] . This colocalization with cytoplasmic dynein was not observed under control conditions, but rather only after a brief (¨1 min) temperature shift to room temperature designed to slow membrane transport events. The temperature shift resulted in an exaggerated pattern of dynactin and CLIP-170 at the plus ends. Labeling extended from the normal¨2.2 Am to¨3.5 Am, and the tapered pattern of labeling became less pronounced with more uniform brighter signal observed along the length of labeling. The significance of this change was not obvious until cytoplasmic dynein was colocalized with these plus ends. Because dynein is a minus end-directed motor, it was deduced that dynein was loading onto the plus end and translocating towards the minus ends. One popular model was that the temperature shift had slowed a critical aspect of the loading process, revealing a snap-shot of a very rapid and dynamic process. The differential labeling of plus ends by cytoplasmic dynein suggested that dynein was not normally concentrated at the plus ends, but that dynein only concentrated after the temperature shift (Fig. 2) . These observations could be interpreted as a sequential loading process in which dynactin and CLIP-170 are responsible for targeting and tethering membranes and other cargo to microtubule plus ends, but in the absence of cytoplasmic dynein. After successful loading onto the microtubules tips, these proteins somehow recruit the dynein motor and initiate transport. Because the onset of transport is rapid, dynein is a transient component of the plus end, and fixed cell staining experiments fail to reveal the individual membranes that have recruited dynein but not started translocating yet. Under this model, the temperature-shift experiments capture intermediates in which the membranes have recruited dynein but have not yet started moving. Conceptually important, these assays support a role for both CLIP-170 and dynactin in initiating this process and coordinating the recruitment and loading of the dynein motor.
Disrupting dynein-driven transport
Based on these fundamental findings linking MTassociated dynactin and minus end-directed membrane Fig. 2 . Temperature shift reveals stages of plus end loading and transport. Although control cells display the binding of dynactin to microtubule plus ends, cytoplasmic dynein does not colocalize, suggesting a short residence time of binding at the plus ends. After temperature-shift, the extent of dynactin labeling increases at the microtubule tip, and cytoplasmic dyein colocalizes with the dynactin. This suggests that dynactin and other tip-binding proteins mediate the targeting of particles to the microtubule plus ends, and that the recruitment of dynein follows. This data supports a sequential mechanism of loading which culminates with dynein-driven transport. transport, several assays were developed to test the impact of perturbing dynactin and dynein function (reviewed in [43] ). Chronologically, the first tool was the overexpression of the p50(dynamitin) subunit of dynactin [45] . This subunit has been localized to the core of the dynactin complex [46] and overexpression induces the disruption of the dynactin complex, separating the dynein-binding component of dynactin (p150 Glued ) from the putative membrane-binding subunit (Arp1; [45] ). This assay revealed that, in addition to mitotic defects [45] , p50(dynamitin) expression disrupted the Golgi apparatus into multiple dispersed membranes throughout the cytoplasm [31] . Mechanistically, it became clear that this dispersal was mediated by a loss of ER -Golgi transport through the dynein/dynactin pathway, and that the dispersed membranes represented membranes which had exited the ER but not been delivered to the Golgi complex. Subsequently, Presley and coworkers analyzed ER -Golgi transport using live-cell imaging of GFP-fusion proteins and observed highly dynamic tubulo-vesicular membranes moving from the ER to Golgi apparatus. The motile behavior of these membranes was blocked by p50(dynamitin) expression, linking the dynein/dynactin pathway to this motility [4] .
The second insight into this resulted from the mapping of dynein intermediate chain (IC) phosphorylation sites that regulate the interaction between dynactin and dynein [47] . Phosphorylation site mapping provided the opportunity to create site-directed mutants designed to mimic constitutively phosphorylated (S84D) or dephosphorylated (S84A) states. In vitro assays supported specific effects of these sitedirected mutants on the interaction between the dynein ICs and p150
Glued and justified the transfection analysis of Golgi membrane motility. The transfection of wild-type ICs induced a wide range of phenotypes, including no dispersal of Golgi membranes, partial disruption, and complete dispersal [47] . To some extent, these outcomes reflected expression level. However, it was also determined that the transfected proteins were largely phosphorylated, suggesting a mixed regulatory state. Transfection results with the sitedirected mutants were much more cohesive, and the S84A mutant induced a comprehensive dispersal of the Golgi complex into the cell periphery. In contrast, the S84D mutant was mostly ineffective at dispersing the Golgi complex.
Mechanistically, these results can be interpreted in several ways. The localization of the transfected proteins as GFP-fusions suggests that the majority is soluble and in tremendous excess over the native dynein. As a result, the saturation of binding sites for the dynein motor has received the best support consistent with the binding of the S84A mutant to p150
Glued and the loss of binding for the S84D mutant. However, a role in poisoning existing dynein complexes cannot be ruled out, and more recent data suggests additional mechanisms for linking dynein to dynactin [48] . Together, these studies implicate cytoplasmic dynein as the dominant motor for transport to the Golgi apparatus and a direct role for dynactin as a receptor or adaptor linking dynein to these membranes.
Live-cell analysis of dynactin and dynein-driven Golgi transport
The application of live-cell imaging has shed important new light on the link between MT-associated dynactin and Golgi membrane transport. A role for dynein as the dominant minus end-directed motor was anticipated based on MT polarity; however, the effects of p50(dynamitin) [4, 31] and dynein IC S84A mutant [47] expression confirmed that the dynein -dynactin pathway plays an essential role in Golgi function. Based on the knowledge base at the time, many in the field interpreted these results as an indication that dynactin was simply an important cofactor for dynein-driven transport, or a receptor or adaptor lining dynein to the membranes.
An analysis of GFP -p150 Glued fusions suggests a different but perhaps overlapping function for dynactin in ER -Golgi transport [49] . Similar to CLIP-170, EB1, and others, GFP -p150
Glued displays prominent tip-tracking in live-cell imaging. These time-lapse sequences suggest that tip-tracking proteins remain associated with elongating plus ends and ''surf'' towards the cell periphery. However, subsequent work suggests that this tip-tracking can be somewhat misleading (reviewed in [50] ). Detailed analysis of these live-cell assays coupled with other manipulations suggests that tip-tracking does not reflect translocation towards the cell periphery, but rather reflects the dynamic binding of dynactin to MT plus ends [49, 23] .
An important clue emerged from the analysis of kinase activators and inhibitors which revealed that the degree of MT plus end labeling could be influenced by drugs that affect PKA. Inhibitors of PKA induced the binding of GFPp150
Glued along the length of the MT, whereas activators of PKA had the opposite effect and reduced labeling to a sharp point. Together, these results suggest that the degree of MT labeling was regulated by phosphorylation and that plus end labeling reflected the dynamic and transient binding of
GFP -p150
Glued at the MT plus ends [49] . The significance of this dynamic and transient binding was confusing until live-cell tip-tracking assays were coupled with the transport of Golgi membranes labeled with dsRed-tagged NAGT (n-acetylglucosamine transferase; [49] ). Because the frequency of membrane transport events was low, BFA treatment was used to drive Golgi membranes back into the ER by retrograde transport. To induce a synchronized wave of ER -Golgi transport, BFA was washed out, and rapid two-channel image sequences were collected.
Initially, BFA-treated membranes (identified by dsRed-NAGT signal) underwent Brownian movements, which were nonlinear and nonproductive. These movements continued until the membrane was contacted directly by one of the elongating MT plus ends labeled with GFPp150
Glued . This contact appeared to immobilize the membrane for 1-2 s, after which the membrane displayed rapid and processive motility towards the reforming Golgi complex. This sequence of events was consistent among the membranes analyzed, suggesting a chain of interactions which initiate contact between MT plus ends and Golgi membranes and culminate with dynein-driven transport to the Golgi apparatus. Collectively, these image sequences implicate p150
Glued in capturing dynamic MTs and initiating dynein-driven transport to the Golgi complex.
To correlate the binding of dynactin to MT plus ends with actual transport events, forskolin was used to induce the phosphorylation of p150
Glued and, coupled with the BFA treatment/washout experiment, to test for impacts of ER -Golgi transport. Despite evidence of some membrane motility, forskolin treatment rescued the binding of GFPp150
Glued to MTs, and none of the Golgi membranes displayed minus end-directed motility. Consistent with these defects, Golgi reformation lagged behind normal kinetics, and a significant number of long, tubulated membranes were observed. Although these membranes displayed some plus end-directed motility, these movements were not productive.
Dynactin as an integrator of early events in Golgi membrane transport
These studies support an important role for dynactin and p150
Glued in targeting ER -Golgi transport vesicles to MTs for transport. Further implicating dynactin in ER -Golgi transport, several novel interactions have been identified using two-hybrid and biochemical protein -protein interaction assays. Based on previous work suggesting that Rab GTPases could be involved in dictating organelle compartment specificity, Short and coworkers performed twohybrid screens for Rab6-binding proteins and identified p150
Glued as a binding partner [51] . The binding of dynactin to Golgi membranes was shown to be Rab6 dependent, but this feature was not shared by other Rabs. Furthermore, Rab mutants mimicking a GTP-loaded state bound the p150
Glued , whereas mutants mimicking a GDPloaded state did not. These results suggest that Rab6 recruits dynactin to Golgi membranes in a GTP-sensitive process and provides an alternative mechanism of membrane binding.
Using a similar approach, Watson and coworkers screened for binding partners for components of the COP II complex and identified p150
Glued [52] . Consistent with this finding, GFP -p150
Glued labeled MTs interacting with ERES (ER export sites) in live-cell imaging, suggesting that dynamic MT plus ends established contact with the ERES to facilitate contacts between ER -Golgi membranes and MTs for transport. Together, this work implicates p150
Glued as a direct link between the COP II-coated membranes and MT plus ends. Whether the COP II mechanism and Rab 6 mechanism overlap or represent different stages of ERGolgi transport remains unclear. However, dynactin and p150
Glued are central in both scenarios linking ER -Golgi transport membranes to MTs for transport.
Clearly, other components contribute to this membrane targeting, because Bicaudal-D binds dynactin through the p50(dynamitin) subunits and can be induced to target dynactin to atypical cargos [53, 54] . The significance of this interaction remains unclear; however, a large number of molecules now appear to converge on dynactin, suggesting a central role in transport.
A model of dynactin's role in ER -Golgi transport
Despite the contributions of many research programs which bring different perspectives to the discussion, a common theme emerges in ER -Golgi transport which implicates the dynactin -dynein pathway as an important factor. Several studies suggest that dynactin actually binds ER -Golgi transport membranes and can link these membranes to MT plus ends. Although MT plus ends make sense as a starting point for minus end-directed transport, live-cell imaging reveals that plus end binding reflects a search -capture mechanism (Fig. 3) . The binding of plus end-binding proteins to dynamic, elongating plus Glued and dsRED-NAGT, coupled with brefeldin A (BFA) treatment and washout, highlights the steps in transport. Dynamic microtubule plus ends encounter Golgi membranes undergoing Brownian motion (t = 1), and the affinity of GFP -p150
Glued for the plus ends allows membranes ''capture'' the microtubules arresting the membrane for a short window of time (t = 2). As the microtubules continue to elongate, they encounter additional membranes resulting in the accumulation of individual membranes at the plus ends (T = 3 -5).
ends allows elongating MT tips to search the cytoplasm for cargo similar to mitotic MTs using search -capture to initiate contact with kinetochores and cortical attachment sites. By recruiting dynactin to their surface, ER -Golgi membranes capture exploratory MTs and initiate contact for transport.
Subsequent to MT capture, these membranes recruit the cytoplasmic dynein motor through dynactin and translocate towards the Golgi complex (Fig. 4) . Although not discussed in detail, p150
Glued has also been implicated in enhancing the processivity of the dynein motor [55] , suggesting that dynactin plays a role in the actual transport stages as well.
Conclusions
MT plus end-binding proteins have been implicated in multiple functions including protein delivery, regulation of dynamic instability, and membrane binding. An emerging theme is that one MT plus end-binding protein, dynactin, is involved in ER -Golgi transport and that the binding to plus ends is an intimate part of that process. The combination of live-cell imaging and modulation of MT binding suggests that dynamic binding to plus ends allows dynactin to capture MTs and mediate search -capture. This is consistent with the localization of dynactin to other organelles that utilize search -capture, such as mitotic kinetochores. It remains unclear if all plus end-binding proteins share this search -capture function; however, the high degree of colocalization on cargos undergoing search -capture suggests a functional link. Fig. 4 . Coordination of tip-loading and dynein-based transport dictates the dimension of plus end labeling. Tip loading controls the rate of membrane addition at the growing plus end; however, the removal of membranes by minus end-directed transport controls the length of labeling. An analysis of kinase effectors suggests that the recruitment and activation of dynein are coupled to the phosphorylation of dynactin, which transfers microtubule binding fromp150
Glued to the dynein motor.
